Animal models and human functional imaging data implicate the dopamine system in mediating enhanced encoding of novel stimuli into human memory. A separate line of investigation suggests an association between a functional polymorphism in the promoter region for the human dopamine 4 receptor gene (DRD4) and sensitivity to novelty. We demonstrate, in two independent samples, that the -5210T DRD4 promoter polymorphism determines the magnitude of human memory enhancement for contextually novel, perceptual oddball stimuli in an allele dose-dependent manner. The genotype-dependent memory enhancement conferred by the C allele is associated with increased neuronal responses during successful encoding of perceptual oddballs in the ventral striatum, an effect which is again allele dose-dependent. Furthermore, with repeated presentations of oddball stimuli, this memory advantage decreases, an effect mirrored by adaptation of activation in the hippocampus and substantia nigra/ventral tegmental area in C carriers only. Thus, a dynamic modulation of human memory enhancement for perceptually salient stimuli is associated with activation of a dopaminergic-hippocampal system, which is critically dependent on a functional polymorphism in the DRD4 promoter region.
Introduction
Dopamine activity signals unexpected, salient, motivationallyrelevant information (Berridge, 2007; Horvitz, 2000; Ljungberg et al., 1992; Redgrave et al., 1999; Ungless, 2004) . Enhanced memory for novel, or salient, stimuli is thought to be mediated by dopamine via hippocampal inputs from the dopaminergic midbrain (Lisman and Grace, 2005) , which comprises the substantia nigra and ventral tegmental area (SN/VTA) (Duzel et al., 2009) . In humans, processing of unexpected, salient stimuli can be studied using "oddball" paradigms, in which the oddball stimulus deviates from its prevailing context along a particular dimension. Long-term human memory for these contextually novel stimuli is enhanced (Ranganath and Rainer, 2003) , an effect abolished by hippocampal damage (Kishiyama et al., 2004) . A role for dopamine in contextual novelty detection is suggested by human functional magnetic resonance imaging (fMRl) studies demonstrating activation in dopaminergic areas in response to novel oddball stimuli (Bunzeck and Duzel, 2006; Duzel et al., 2009) .
Both animal and human data point towards a critical role for the dopamine 4 (D4) receptor in novelty processing. Drd4 gene knockout mice show decreased exploration in response to novel stimuli (Dulawa et al., 1999; Rubinstein et al., 1997) , whereas a selective D4 receptor agonist increases novel object exploration in mice (Powell et al., 2003) . The D4 receptor is preferentially expressed in limbic regions, including the hippocampus (Mrzljak et al., 1996) , prefrontal cortex (Ariano et al., 1997; Defagot et al., 1997; Matsumoto et al., 1995) , and globus pallidus (Mrzljak et al., 1996) . Although D4 receptor expression has been shown in primate SN, this is in SN pars reticulata (Mrzljak et al., 1996) and not the SN pars compacta or VTA which contain the majority of dopaminergic neurones in the SN/VTA (Duzel et al., 2009 ). D4 receptor expression in SN pars compacta has, however, been shown in rodents (Defagot et al., 1997) . In humans, the rather small (3.5 kb) DRD4 gene has generated much interest due to a high degree of functional variability, and an observed association between functional DRD4 polymorphisms and attention deficit/hyperactivity disorder (ADHD) (Franke et al., 2011) , substance abuse (Li et al., 2011) and the personality trait of novelty seeking (NS) (Munafo et al., 2008b) , which is considered a characteristic feature of both disorders.
Human NS is characterized by impulsivity, exploratory drive and excitability, and has been proposed to reflect individual differences in dopamine system sensitivity (Cloninger et al., 1993) . Although initial evidence suggested an association between NS and a variable number tandem repeat (VNTR) polymorphism in exon 111 of DRD4 (Benjamin et al., 1996; Ebstein et al., 1996) , a recent meta-analysis (Munafo et al., 2008b) refutes this, but demonstrates strong evidence for an association between NS and a cytosine to thymine polymorphism in the DRD4 promoter region (-521OT single nucleotide polymorphism, SNP). For this promoter polymorphism, which is in linkage disequilibrium with the exon III VNTR (Ekelund et al., 2001; Strobel et al., 2002) , the C allele is associated with increased transcription levels of up to 40% compared with the T allele in vitro (Okuyama et al., 1999) . However, in human post-mortem brain the -5210T SNP was not found to significantly affect DRD4 mRNA expression levels (Simpson et al., 2010) , thus whether this SNP is functional is currently not clear.
In animal models of novelty seeking, both striatal dopamine (Blanchard et al., 2009 ) and the hippocampus (Blanchard et al., 2009; Kabbaj et al., 2000) are implicated in behavioral responses to novelty. Thus, given the overlap in brain areas involved in both enhanced memory for novel stimuli and novelty seeking, and the common proposed role for dopamine in these processes, we hypothesized that memory for contextually novel stimuli in humans is modulated by DRD4 promoter polymorphism. We tested this hypothesis in healthy human subjects, pre-selected on the basis of DRD4 genotype. Although our experiments address the role of the promoter -5210T SNP in novelty-evoked memory enhancement, in view of the (albeit less consistent) evidence for an association between DRD4 exon III VNTR and NS (Munafo et al., 2008b ) subjects were also stratified on the basis of this polymorphism to enable the VNTR to be included as a covariate in our statistical model.
Subjects encoded lists of neutral nouns during fMRI scanning (Fig. la) . The critical manipulation was the presentation of a perceptual (P) oddball (a noun presented in a novel font) and an emotional (E) oddball (aversive noun) in each list. After encoding each list, subjects performed a distractor task followed by free recall. Both recall performance, and evoked neuronal responses, for oddball nouns were compared to neutral control nouns randomly selected from the same list. We demonstrate that the DRD4 promoter polymorphism significantly modulates memory for perceptual oddballs in an allele dose-dependent manner, with C/C homozygotes showing approximately twice the memory advantage for these stimuli than T/T subjects. This effect is observed again in a larger, independent sample of individuals completing the same behavioral task outside of fMRI scanning. In the scanned group, this memory enhancement is associated with a C allele-dependent enhanced activation of dopaminergic areas and hippocampus during successful encoding of perceptual oddballs.
Materials and methods

Samples
Sample sizes are in accord with power considerations for determining genetic contributions to episodic memory in humans (Rasch et al., 2010a) .
fMRI scanning
From a pool of right-handed, male, native German speaking subjects, 50 subjects (age range, 19-45; mean, 27.4years) were selected on the basis of DRD4 genotype (-5210T and exon III VNTR) to take part in this study. Three subjects were rejected due to technical failure.
Behavioral replication
From a second pool of right-handed, male and female native German speaking subjects, 109 subjects were selected on the basis of -5210T DRD4 genotype. For this sample, subjects were not pre-selected by exon III VNTR. For inclusion of this polymorphism as a covariate in our statistical models, we divided subjects on the basis of the presence of one or more long versions of the VNTR (i.e., one or more 7-or 8-repeat VNTR alleles). Eleven subjects were rejected due to poor performance on the shallow encoding task (see below). Thus, 98 subjects (48 female) were entered into statistical analyses (age range, 19-46; mean, 26.5years) .
In both samples, all subjects are of self-reported German ethnicity. All are white, were born in Germany, with German as mother tongue and nationality, and self-report having both white parents and grandparents. All subjects gave informed consent and were free of neurological or psychiatric history. Subjects and experimenter were blind to genotype. The study had full ethical approval.
Genotyping
For fMRI scanning and behavioral replication samples, peripheral venous blood was drawn from all volunteers, and genomic DNA was extracted from blood using a routine de-salting method.
Primary protocol
DRD4 -5210T (rsl800955) and exon III VNTR were genotyped by PCR using standard protocols. Briefly, -5210T was genotyped using the primers 5' -CGGGGGCTGAGCACCAGAGGCTGCT-3' (forward) and 5' -GCATCGACGCCAGCGCCATCCTACC-3' (reverse). Following an initial 5 min of denaturation at 95 °C, 32 PCR cycles were performed before a final 5 min step at 72 °C Amplicons were then digested with Fspl and visualized with agarose gel electrophoresis. Genotyping of DRD4 exon III VNTR was performed using Vent polymerase (New England Biolabs) and a high denaturing temperature (95 °C for 5 min) with a combined annealing and extension reaction for 10 min at 72 °C The primers were 5' -GCGACTACGTGGTCTACTCG-3' and 5' -AGGACCCTCATGGCCTTG-3' . Thirty PCR cycles were performed and subsequently, the reaction mixture was electrophoresed on a 3.5% agarose gel with ethidium bromide.
Secondary protocol
To replicate the genotyping results, a second method was applied to determine rsl 800955 genotype using TaqMan-based genotyping. Genotyping was carried out in a volume of 10 ml containing 10 ng of genomic DNA, 5 ul of ABgene Mastermix (ABgene Ltd., Hamburg, Germany), and 0.5 ul of the Taqman assay (assay ID: Taqman assay: C_7470700_30; Applied Biosystems, Darmstadt, Germany). Amplification was performed on a Biorad CFX 384 Real-Time PCR System (Biorad, Munich, Germany) starting with 10 min at 95 °C, followed by 50cycles of 15 s at 92 °C and 1 min at 60 °C. Genotypes were scored using the software supplied by the manufacturer.
Tertiary protocol (run where primary and secondary were discrepant)
An alternative RFLP protocol for detection of SNP rsl 800955 was run in the case that the primary and secondary protocols yielded discrepant findings. A 276-bp PCR product was amplified using the following reaction mix: 50 ng of genomic DNA in 75 mM Tris-HCl (pH9.0), 20 mM ammonium sulfate, 0.01%Tween 20,2.7 mM magnesium chloride, 0.4 uM of each of the primers, forward (5' -GTCCGCCCAGTTTCGGAGGC-3' ) and reverse (5' -AAACCTCCCTCCCAGGCCCG-3' ), 0.1 mM dNTP, and 1 U Taq polymerase. After an initial denaturation for 5 min at 95 °C, 35 cycles of denaturation at 95 °C for 40 s, annealing at 62 °C for 40 s and extension of 72 °C for 40 s were performed, followed by a final extension of 72 °C for 5 min. PCR products were digested with BssHII at 50 °C for 2 h. PCR were visualized on a 3.5% agarose gel containing ethidium bromide. The undigested PCR product carries the T variant, whereas the digested product with two fragments of 181 bp and 95 bp contains the C allele.
For the scanned sample, the allelic distribution of both genotypes of interest {DRD4 -521C>T promoter SNP and DRD4 exon III VNTR) was: 17 T/T homozygote subjects (9 DRD4 exon III VNTR 4/4; 8 4/7), 20 C/T heterozygotes (10 4/4; 10 4/7) and 10 C/C homozygotes (6 4/4; 4 4/7). For the replication group, the allelic distribution of the DRD4 -521 C>T promoter SNP and DRD4 exon III VNTR was: 34 T/T homozygote subjects (27 DRD4 exon III VNTR long absent; 7 long present), 34 C/T heterozygotes (21 long absent; 13 long present) and 30 C/C homozygotes (21 long absent; 9 long present). The two polymorphisms were in linkage disequilibrium (scanned sample D' = -0.11; replication sample D' = 0.22). For additional demographics, see Supplementary Tables 1  and 2 . The distribution OÍDRD4 -521C>T promoter alleles, in the 1597 individuals comprising the pools from which our subjects were selected, was in Hardy-Weinberg equilibrium (j 2 = 0.250; P= 0.617 (Cloninger, 1994) . Novelty seeking comprises measures of exploratory excitability, impulsiveness, extravagance and disorderliness.
Task fMRI scanning
Subjects were scanned while viewing nouns presented visually at a rate of one every 3 s (stimulus duration, 1 s). Subjects were presented with 34 lists of 14 German nouns, identical to our previous experiments (Strange et al., 2003) . 20 s after scanning onset, the start of each list was prompted by the presentation of the words "Neue Liste" (New List). 6 s after the presentation of the 14th word of each list, a number was presented indicating the onset of a 30 s distraction task during which subjects were instructed to count backwards in threes (out loud) from the presented number. To eschew artifacts arising from verbalization during fMRI acquisition, scanning terminated following presentation of this number. The distractor task was followed immediately by instructions to free-recall the words presented in the preceding list. The entire procedure was repeated for the 34 lists.
All 14 nouns in each list were of the same semantic category. Of these, 12 nouns were emotionally neutral and presented in the same font (control nouns). The first five nouns in each list were always control nouns. A perceptual oddball was presented in a different font but was emotionally neutral. An emotional oddball was aversive in content but perceptually identical to neutral nouns. The order of list presentation, as well as the order of noun presentation within-list, was randomized. Nouns were presented in Times font (48 point; 4-10° of horizontal visual angle) except for perceptual oddballs, which appeared in 17 different fonts (Fig. la) . These fonts were repeated in the second half of the experiment.
Subjects were instructed to indicate with a push-button whether or not the first letter in the noun (always capitalized in German) contained a curve (shallow encoding). It was emphasized that they were not to adopt mnemonics such as imagery or making sentences or stories. Encoding instructions were provided visually at the start of the experiment. Recall performance is expressed relative to two randomly selected neutral nouns (one for each oddball type) presented at encoding. These control nouns, like oddballs, could not occur within the first five nouns of each list and could not immediately follow an oddball or another chosen control noun.
Behavioral replication
The psychological task for the replication sample outside of fMRI scanning was identical, except that, in view of the rapid adaptation of P noun memory enhancement in the scanned sample, we only considered the first 17 word lists in which each oddball is presented in a unique font. A number of subjects in this sample failed to make pushbutton responses to each word, thus we excluded subjects whose performance on the shallow memory task was less than a threshold of 80% correct on control nouns. A 3 T Siemens TRIO system (Siemens, Erlangen, Germany) with a standard 12 channel head coil was used to acquire both highresolution Tl-weighted anatomical images and gradient-echo echoplanar (EP1) T2*-weighted MR1 image volumes with blood oxygenation level-dependent contrast. For each studied list, 24 EPI volumes were acquired, plus five additional volumes, acquired at the start of each session and subsequently discarded, to allow for Tl equilibration effects. Each volume comprised 38 axial slices (2 mm thick; repetition time 2.47 s; echo time 30 ms). Each imaging time series was then realigned to correct for interscan movement, slice-time corrected, normalized into a standard anatomical space, and smoothed with a Gaussian kernel of 8 mm full width half-maximum.
Data analysis
Imaging data were analyzed using statistical parametric mapping (SPM5; http://www.fil.ion.ucl.ac.uk/spm) employing an event-related model with a two-stage random effects procedure. To test for subsequent memory effects, we specified eight effects of interest: the events corresponding to E and P noun presentation and the two randomly selected control nouns, separated according to whether they were later recalled or forgotten. Trial-specific responses were modeled by convolving a delta function that indicated each event onset with a canonical hemodynamic response function (HRF) to create regressors of interest. Each list was modeled separately. Encoding events for which there were absent or incorrect responses, as well as events corresponding to all other nouns, the presentation of the "New List" marker, and the number to indicate onset of the distractor task, were modeled as regressors of no interest (total of 3). Six movement parameters were modeled as nuisance covariates.
Session-specific parameter estimates of the magnitude of the hemodynamic response for each stimulus type were calculated for each voxel in the brain. A contrast of parameter estimates modeling each comparison of interest (e.g., remembered vs. forgotten perceptual vs. control nouns) was calculated in a voxel-wise manner to produce, for each subject, one contrast image for that particular effect. For the random effects analysis, each subject's contrast image was entered into a general linear model (GLM) across subjects. The covariate of interest in this model was an allele dose-dependent contrast for -521C>T DRD4 promoter genotype based on perceptual noun memory enhancement (C/C vs. C/T vs. T/T homozygotes). VNTR (4/4,4/7) genotype was included as a nuisance covariate. Identical analyses were then performed for emotional nouns. For conjunction analyses, the GLM included a contrast image of response to each oddball type, as well as covariates for -521OT DRD4 promoter and VNTR genotype. Conjoint effects were tested against the global null hypothesis (Friston et al., 2005) . Conjunction analyses require an independent baseline for each effect being tested, thus two control nouns were randomly assigned as the control for each oddball type.
We carried out a small volume correction (SVC) to the P values of the ensuing maxima on all regions which pertain to the animal model of novelty-evoked memory enhancement (Lisman and Grace, 2005) . Thus, we report responses at a threshold of P < 0.05, family-wise corrected for a spherical search volume of 20-mm diameter centered on previously reported x,y, z coordinates (±12,8, -8) for the ventral striatum (Zink et al., 2003) and (28, -20, -14) for the right hippocampus (Yamaguchi et al., 2004) , and a spherical search volume of 10-mm diameter centered on (±8, -14, -8) for the SN/VTA (Guitart-Masip et al., 2010) . Activations outside of these regions that survive an Fig. 1 . DRD4 promoter polymorphism modulates enhanced memory for perceptually salient stimuli in scanned and replication samples, (a) Experimental paradigm. Insets depict an example perceptual ("Locker") and emotional ("Morgue") oddball. The replication sample completed the behavioral task outside of the fMRI scanner, (b) % Recall for control nouns, (c) % Recall of perceptual oddballs minus controls and (d) emotional oddballs minus controls in the scanned sample (C/C n = 10; C/T n = 20; T/T n = 17). (e) % Recall for control nouns, (f) % Recall of perceptual oddballs minus controls and (g) emotional oddballs minus controls in the replication sample (C/C n = 30; C/T n = 34; T/T n = 34). Error bars, here and in subsequent figures, depict s.e.m. *P < 0.05. uncorrected height threshold of P< 0.001 and extent threshold of 10 contiguous voxels are presented in Tables 1-3. We consider activation of the entire SN/VTA complex rather than individual components because in humans, mesolimbic and mesocortical dopaminergic projection systems are dispersed throughout the SN/VTA complex (Duzel et al., 2009) .
Results
Behavior
Perceptual oddball memory
In the scanned sample, which included only male subjects, -5210T DRD4 promoter polymorphism does not affect memory for control nouns ( Fig. lb; one-way ANOVA for control noun recall across genotype F 2 44 = 0.542 P = 0.585). All -5210T genotypes show memory enhancement for P oddballs (Fig. lc) . Critically, and according to our prediction, the DRD4 promoter polymorphism significantly modulates enhanced memory for P oddballs. For the 34 lists viewed by the scanned sample (Fig. lc) , we observe a C-allele dose-dependent effect on P noun memory enhancement. A univariate ANOVA with [P-control noun] recall as the dependent variable and the number of C alleles in the promoter SNP as a covariate reveals a significant effect of the promoter polymorphism Fi,45 = 5.113, P=0.029, rf = 0.0519. A one-sample t-test on [P-control noun] recall in the T/T group confirmed that, although of smaller magnitude than C/C and C/T groups, T/T subjects show enhanced memory for P oddballs (t(16) = 2.282 P= 0.037, two-tailed).
To demonstrate that the effect of the DRD4 promoter SNP on perceptual oddball memory is independent of the VNTR polymorphism, we repeated the univariate ANOVA on [P-control noun] recall with promoter genotype as covariate and VNTR polymorphism (4/4, 4/7) as nuisance covariate. This analysis demonstrated a significant effect of the promoter polymorphism F 144 = 5.056, P = 0.030, and no effect of the VNTR polymorphism Fi i44 = 0.087, P = 0.770. Furthermore, the reported association between DRD4 genotype and NS personality trait (Munafo et al., 2008b ) raises a possibility that differential P noun memory enhancement is attributable to NS rather than -5210T DRD4 promoter polymorphism. Thus, to ensure that the genotype-dependent memory effects we report are independent of NS, we also performed a univariate ANOVA on [P-control noun] recall with promoter genotype and NS F-value as covariates (NS T-values are shown in Supplementary Fig. 1 ). This again confirmed a significant effect of promoter polymorphism F li44 = 5.385, P=0.025, and no effect of NS score F li44 = 0.553, P=0.461.
Emotional oddball memory
Emotionally aversive oddball nouns can be considered as salient and motivationally relevant. Animal studies demonstrate increased activity Table 1 Local maxima for subsequent memory effects for P oddballs in step-wise C allele dosedependent contrast (C/OC/T>T/T). Also given is the corresponding activation in the cluster of interest for subsequent memory effects for P oddballs in a subset of C carriers vs. a subset of T/T homozygotes, matched for performance. Here, and in subsequent tables, we report only activations surviving correction for search volume, or an uncorrected threshold of P < 0.001, with an extent threshold of 10 contiguous voxels. For the performance-matched analysis we report activation in cluster of interest at a threshold of P< 0.005 uncorrected. of dopamine cells in response to aversive stimuli (Matsumoto and Hikosaka, 2009) , as well as a specific role for D4 receptors in emotional learning (Laviolette et al., 2005 ). We therefore next tested whether DRD4 promoter polymorphism effects in the scanned sample on memory extend to E oddballs, or are specific to P nouns. There was no clear genotype-dependent effect in the scanned sample ( 
Replication sample
Our replication sample, which included male and female subjects, shows a strikingly similar pattern of DRD4 promoter polymorphismdependent memory enhancement for P oddball nouns. Again we demonstrate no effect of -521 C>T DRD4 promoter polymorphism on memory for control nouns (one-way ANOVAF 295 = 0.496 P = 0.661) in the replication sample (Fig. le) . Critically, an allele dose-dependent effect of the DRD4 promoter-dependent modulation of perceptual noun memory for the 17 lists is again observed in the replication sample (Fig. If) . A univariate ANOVA with [P-control noun] recall as the dependent variable and the number of C alleles in the promoter SNP as a covariate revealed a significant effect of the promoter polymorphism Fi 96 = 4.906, P= 0.029, rf = 0.0322. This effect remains significant when DRD4 VNTR polymorphism, NS T-values and gender are included as covariates of no interest. A one-sample t-test on [P-control noun] recall in the T/T group confirmed that, although of smaller magnitude than C/C and C/T groups, T/T subjects show enhanced memory for P oddballs (t(33) = 2.950 P = 0.006, two-tailed).
One notable difference between replication and scanned samples is an allele dose-dependent effect of -521C>T DRD4 promoter polymorphism on E noun memory (Fig. lg) , analogous to that observed for Perceptual oddballs (univariate ANOVA for [E-control noun] recall and the number of C alleles in the promoter SNP as a covariate F 196 = 5.235, P = 0.024, if = 0.0291). The genotype-dependent effects on P and E memory are of similar magnitude in the replication sample. A genotype (C/C, C/T, T/T) x word type (Emotional oddball, Perceptual oddball) 3x2 repeated measures reveals no significant interaction between memory for the two oddball types {F 1S5 = 0.001 P = 0.999). One possible explanation for the discrepancy between samples is that, in contrast to the scanned sample, the replication sample included female, as well as male, subjects. However, emotion-induced memory enhancement evoked by this task has been shown to be present in both genders (Strange et al., 2003) , and there is no significant gender effect on the DRD4 promoter allele dose-dependent effect on emotional memory (genotype (C/C, C/T, T/T) x gender interaction for [E-control noun] recall F 194 = 1.137 P= 0.289). A further discrepancy is that behavioral analysis for the scanned sample included 34 word lists, as opposed to 17 lists in the replication sample. To control for this possibility, we examined memory for emotional oddballs in the scanned group but taking only the first 17 lists presented. Again, the allele dose-dependent effect of the DRD4 promoter-dependent modulation of memory for E nouns was not observed (univariate ANOVA for [E-control noun] recall for the 1st half of the scanned experiment as the dependent variable and the number of C alleles in the promoter SNP as a covariate Fi 45 = 0.075, P= 0.786).
imaging Responses to perceptual oddballs
Having established a consistent behavioral role for -521C>T DRD4 promoter polymorphism in enhanced memory for P nouns, we next examined the neuronal correlates of differential P oddball processing as a function of C allele number in the scanned sample. To ensure that the effects we report are independent of the DRD4 exon 111 VNTR, this was included as a covariate in all analyses. Preliminary analyses comparing responses to P vs. control nouns, irrespective of whether nouns were subsequently freely recalled or forgotten, are presented in Supplementary Figs. 2 and 3. In "subsequent memory" analyses, we compared encoding-related neuronal responses to Perceptual oddball nouns that were subsequently freely recalled at the end of each distractor task vs. those forgotten for all 34 lists. A P noun subsequent memory effect is significantly enhanced by the DRD4 promoter C allele, in an allele dose-dependent manner, in the right ventral striatum and amygdala (Figs. 2a-c ; Table 1 ). The plot in Fig. 2d demonstrates increased activation in the right ventral striatum for subsequently recalled (R) vs. forgotten (F) P nouns in C/C homozygotes, which decreases with the number of T alleles. Subsequent memory-related responses for control nouns are also plotted for illustration. Testing for a genotype-dependent modulation of subsequent memory for P nouns relative to successful control noun encoding again reveals a significant C allele-dependent enhancement of successful P vs. control noun encoding-related activity in the ventral striatum ( Fig. 2e ; Table 2 ). Note that the opposite genotypedependent contrast (T/T>C/T>C/C) applied to the same memory comparison, subsequent memory for P nouns relative to successful control noun encoding, does not reveal any significant effects at an uncorrected threshold of P< 0.001.
We note a recent meta-analysis (Sacchet and Knutson, 2012) demonstrating that peak ventral striatal foci for studies that used smaller spatial smoothing kernels, i.e., <6 mm full-width half maximum (FWHM), were more anterior than those identified for studies that used larger kernels (i.e. > 7 mm FWHM). Given that our original analyses employed a smoothing kernel of 8 mm FWHM, we repeated these Ventral striatum analyses with a 6 mm kernel, and provide peak ventral striatal coordinates for both smoothings in Tables 1 and 2 . For the test of genotype-dependent modulation of subsequent memory for P nouns relative to successful control noun encoding, employing a 6 mm kernel resulted in a 2 mm shift anteriorly in the left ventral striatal focus (Table 2) , with other foci unchanged in the antero-posterior position of their local maxima.
To ensure that the observed genotype-dependent differences in neuronal activity associated with successful P noun encoding were not due to differences in recall performance, we repeated these analyses, but taking a subgroup of C carriers matched on performance to T/T homozygotes (C carriers were pooled for this analysis due to reduced sample size). That is, performance for each T/T subject was matched to that of the closest corresponding C carrier and fMRl analyses repeated, restricted to the 17 T/T homozygotes and corresponding 17 C carriers (7 C/C and 10 C/T). In this subgroup of C carriers, mean (s.e.m.) recall of P oddballs is 58.01% (4.72), and in the T/T subgroup 57.36% (5.45). Recall of control nouns is 49.86% (3.44) and 50.27% (3.79) in C and T/T subgroups, respectively. Thus, enhanced P noun memory relative to control nouns is 8.14% (3.66) and 7.09% (4.37) in C and T/T subgroups, respectively (t(32) = -0.186 P = 0.853, two-tailed). P noun subsequent memory analysis, now matched for performance, again revealed significant genotypedependent right ventral striatal and amygdala activation (Table 1) . Activation in ventral striatum was again observed in the P vs. control noun subsequent memory analysis, but at lower significance (Table 2) .
Recent studies report correlations between NS scores and interindividual differences in human dopaminergic brain regions in terms of functional activation (Abler et al., 2006; Naghavi et al., 2009 ), dopamine ligand binding (Zald et al., 2008) and connectivity with other brain regions (Cohen et al., 2009) . To ensure that the genotypedependent differences in activation we describe are independent of NS, we repeated our statistical analyses including NS as an additional covariate. Enhanced C-allele dependent responses during successful P noun encoding remained significant in these analyses. In view of previous reports of an association between DRD4 -521C allele and NS (Munafo et al., 2008b) , it is possible that the observations from neuroimaging studies on NS may be, at least in part, driven by differences in DRD4 promoter genotype.
Adaptation to salience
Animal data demonstrate that VTA responses to unexpected stimuli habituate with repeated occurrences (Ljungberg et al., 1992) . fMRl studies show a similar adaptation of hippocampal responses to repeated presentations of oddball stimuli (Strange and Dolan, 2001; Yamaguchi et al., 2004) . Given the critical roles of these structures in effecting memory enhancement for salient stimuli, we hypothesized that the memory enhancement for P nouns would show a similar adaptation with repeated presentation of these oddballs, i.e. across successive lists. We therefore examined P noun memory enhancement as a function of experimental list, limiting this analysis to the first half of the experiment (as the 17 fonts in which P nouns were presented are repeated in the second half of the experiment). Fig. 3 . An adaptation of P oddball memory enhancement across successive oddball presentations is associated with adapting hippocampal and SN/VTA responses in C allele carriers, in an allele dose-dependent manner, (a) Recall performance (%) in scanned sample for P oddballs, relative to control nouns, in Early (lists 1-5), Middle (6-10) and lists in the first half of the experiment The font in which P nouns are presented is different across the 17 lists, (b) Memory advantage for P nouns show similar adaptation in the replication sample, (c-d) Activation during successful encoding of P oddballs, relative to control nouns, that adapts across successive oddball presentations is observed in (c), the right hippocampus (38, -20, -14; Z = 3.35; P = 0.049 corrected) and (d), the right SN/VTA (4, -16, -8; Z = 2.95; P = 0.031 corrected) an effect that is C allele dose-dependent Inset in (d), shows the same activation overlaid on a single-subject T2* functional image, demonstrating that the observed midbrain activation is in SN/VTA SPM threshold for illustration P< 0.005, uncorrected, with extent threshold of 10 voxels. Response estimates from right (e) hippocampus and (f) SN/VTA are plotted for remembered vs. forgotten P oddballs relative to control nouns across Early, Middle and Late lists for each genotype. See also Table 3 . Fig. 3A demonstrates that, in the scanned sample, P noun memory enhancement does indeed show adaptation with repeated oddball presentation, and that this effect is expressed as a C allele dose-dependent effect. C/C homozygotes show rapid adaptation of memory enhancement, C/T subjects show late adaptation, whereas P noun memory enhancement in T/T homozygotes is constant across successive oddball presentations in the 17 different fonts (Fig. 3a) . A similar pattern is observed in the replication sample (Fig. 3b) . To determine the neuronal correlates of this behavioral observation, we tested for a subsequent memory effect for P nouns that decays across the first half of the experiment, and is expressed as a C allele dose-dependent effect. As predicted, we observe a genotype (C/C, C/T, T/T) x noun type (P noun, control) x memory (R, F) x repetition (linear decay) interaction in the right hippocampus (Fig. 3c ) and the SN/VTA ( Fig. 3d ; Table 3 ). These effects are again observed in a repeat analysis matching C carriers and T/T homozygotes on the basis of memory performance (Table 3) . For illustration, P noun recall performance (Figs. 3a and b) , and response estimates (Figs. 3e and f) , in the first half of the experiment are divided into early, middle and late. Previous studies demonstrating noveltydependent activation in the dopaminergic midbrain have applied smaller smoothing kernels to their fMRI data (Bunzeck and Duzel, 2006; Guitart-Masip et al., 2010) in view of the relatively small size of these structures. We therefore repeated this analysis with data smoothed at 6 mm FWHM, and demonstrate the same SN/VTA activation, at slightly higher significance (Table 3) .
Responses in the prefrontal cortex
The lateral prefrontal cortex (PFC) plays a critical role in novelty detection (Daffheretal.,2000; Knight, 1984) and novelty-dependent enhancements in human memory (Kishiyama et al, 2009 ). These findings, combined with the observations of high levels of DRD4 expression in PFC (Ariano et al, 1997; Defagot et al, 1997; Matsumoto et al, 1995) raise a possibility of C allele dose-dependent PFC responses during perceptual novelty encoding. Contrary to prediction, this genotype-dependent effect was not observed, nor do we observe adaptation of prefrontal responses with repeated oddball presentation, which has been described previously (Yamaguchi et al, 2004) . However, we do observe a lateral prefrontal response, in the right inferior frontal sulcus, during successful P relative to control noun encoding in all genotypes (Fig. 4) , suggesting a more generic novelty response in this region, independent of the -521C>T DRD4 promoter SNP.
Responses to emotional oddballs
Given that a consistent effect of DRD4 promoter polymorphism on memory enhancement was observed in both samples only for P oddballs, we focus our functional imaging analyses on this oddball type, but report here the E oddball imaging data for completeness. Preliminary analyses comparing responses to E vs. control nouns, irrespective of whether nouns were subsequently freely recalled or forgotten, are presented in Supplementary Figs. 2 and 3 . Next we performed subsequent memory analyses, identical to those for P nouns, except that now we tested for successful encoding-related neuronal responses to E oddball nouns as a function of increasing C allele number (with DRD4 exon 111 VNTR again included as a covariate of no interest). By contrast to the significant effects observed for P nouns, no brain area showed a C allele-dependent modulation of successful encoding-related E noun responses at the threshold employed for reporting P noun effects (uncorrected P< 0.001, extent threshold 10 voxels), mirroring absent E noun memory effects of this genotype in the scanned sample. Testing for a genotype-dependent modulation of subsequent memory for E nouns relative to successful control noun encoding reveals C allele-dependent enhancement of activity in several brain areas, including medial prefrontal cortex and insula (Supplementary Table 3 ). Employing a conjunction analysis to test for overlap in brain regions showing DRD4 promoter polymorphism-dependent modulation of successful encodingrelated activation to both perceptual and emotional oddballs, reveals effects in a widespread cortical network (Supplementary Table 4) , as well as in the right amygdala.
We next examined whether neuronal responses to E nouns showed a similar adaptation with repeated oddball presentations, analogous to that for P nouns (Figs. 3a and b) . Although we did not observe a significant (P< 0.001 uncorrected) genotype (C/C, C/T, T/T) x noun type (E noun, control) x memory (R, F) x repetition (linear decay) interaction in any brain area, at a liberal threshold (P<0.05 uncorrected) an interaction is observed in the right SN/VTA (Supplementary Table 3 ). The same SN/VTA region is present, corrected for small volume, testing the conjunction between the 2 oddball types for the same linear decay comparison (Supplementary Table 4 ).
In summary, imaging effects for DRD4 promoter polymorphismrelated modulation of E noun encoding were largely absent at the same statistical threshold applied to P noun analyses. This discrepancy between E and P noun effects might be explained by the fact that several genetic variants are known to modulate responses to emotional stimuli measured with fMRI (Hariri et al, 2002; Munafo et al, 2008a; Murphy et al, 2012; Rasch et al, 2010b; Smolka et al, 2005) . Specifically, inter-individual variation in episodic memory for emotional stimuli is associated with a functionally relevant deletion variant of ADRA2B, the gene encoding the a-2b adrenoreceptor. Carriers of this deletion variant show enhanced memory for emotional vs. neutral pictures compared with non-carriers (de Quervain et al, 2007; Rasch et al, 2009 ). It could therefore be the case that the variance explained by DRD4 promoter polymorphism for imaging responses to emotional memory is small compared to that of these other genotypes.
Discussion
Animal data support a model of novelty-evoked memory enhancement that is mediated by reciprocal interactions between the hippocampus and dopaminergic structures in midbrain and ventral striatum (Lisman and Grace, 2005) . Our data demonstrate engagement of all these brain areas during successful encoding of contextually novel, perceptual oddballs. Critically, these effects are only observed in subjects carrying the C allele of the -5210T DRD4 promoter polymorphism, which is mirrored by an augmented memory enhancement for salient, perceptually deviant stimuli, with both effects expressed in a C allele dose-dependent manner. Given statistical power considerations indicating that genotype-dependent memory effects are reliably observed at the behavioral level with a sample size greater than 100 (Rasch et al., 2010a) , we complimented our memory findings in the scanned sample with a behavioral replication in a larger sample. Strikingly, the same C allele dose-dependent enhancement for P noun memory is observed in both samples. Enhanced amygdala activity is also observed in response to perceptual novelty (Figs. 2b-c ), in line with previous studies, e.g. Blackford et al. (2010) . This response is again dependent on C allele number, with the same pattern present during E noun encoding (at lower statistical significance). However, whereas patients with selective bilateral amygdala lesions performing the current task show abolished memory enhancement for emotional nouns, memory enhancement for perceptually salient nouns remains intact (Strange et al., 2003) . This indicates that amygdala activity is unlikely to be an essential component of the neuronal network mediating P noun memory enhancement.
We demonstrate that C allele-dependent memory enhancement for P oddballs is a dynamic process, adapting with repeated oddball presentations. This is reflected in adaptive neuronal responses in C carriers during successful P oddball encoding in the hippocampus and SN/VTA, in line with animal data demonstrating adaptive neuronal firing to novelty in these brain regions (Ljungberg et al., 1992; Vinogradova, 1975) and human fMRl studies showing adaptation of hippocampal responses to repeated presentations of novel oddball stimuli (Strange and Dolan, 2001; Yamaguchi et al., 2004) . Adaptive SN/VTA activity was also observed during E noun encoding (at lower statistical significance), suggestive of a more generic C allele-dependent modulation of responses to salience in this brain region.
Our data extend previous reports suggesting novelty-evoked activation of the dopamine system on the basis of anatomical localization of activity to dopaminergic areas (Bunzeck and Duzel, 2006; Duzel et al., 2009; Schott et al., 2004) by demonstrating that novelty-dependent activation in these regions is critically dependent on genetic variation in the DRD4 gene. Differential dopaminergic activity between genotypes in the current study is inferred from in vitro demonstration of increased DRD4 transcription levels of up to 40% in C compared with T alleles (Okuyama et al., 1999 , but see Kereszturi et al., 2006; Simpson et al., 2010) . With respect to a potential mechanism through which C alleles confer enhanced memory for P nouns, it is important to note that C allele-dependent enhanced ventral striatal activity is observed in both performance-unmatched and matched analyses. It has been suggested (Rasch et al., 2010a ) that in the case of performance-matched analyses, increased activity in the high-memory genotype may not specifically reflect the memory encoding (or retrieval) process. Following this framework (Rasch et al., 2010a) , one explanation is that the effects observed at the neuronal level reflect a C allele-dependent enhancement of contextual novelty detection, which leads to an upregulation of memory encoding (Lisman and Grace, 2005 ).
An alternative approach for examining differential dopamine activity during novel stimulus encoding in the context of fMRl would be a pharmacological manipulation. However, psychopharmacological studies in healthy humans have yet to demonstrate a dopaminergic manipulation which selectively affects memory for novel stimuli. Both apomorphine, an agonist of Dl -and D2-like receptors, and haloperidol, a D2 antagonist, produce a general impairment in verbal episodic memory (Montoya et al., 2008; Rammsayer et al., 2000) . The memory impairing effect of apomorphine in this previous study (Montoya et al., 2008) is, however, most likely due to apomorphine acting as a dopamine antagonist, rather than agonist, at the dose used. Although repeated administration of the dopamine precursor L-dopa has been shown to enhance learning of new words over successive days (Knecht et al., 2004) , a differential benefit of L-dopa for novel vs. non-novel stimuli has yet to be shown. This is in contrast to the current data, which demonstrate selective C alleledependent memory enhancement for perceptual oddballs, and no general effect of genotype on control noun memory. Selective D4 antagonists, only used experimentally in clinical studies thus far (Corrigan et al., 2004; Kramer et al., 1997) , may provide further support for the critical role for D4 receptors in novelty-evoked memory enhancement.
Conclusion
Our experiment was predicated on a strong hypothesis that the dopamine system mediates enhanced memory for novel stimuli, based on animal data (Lisman and Grace, 2005) and reports of novelty-evoked activation of human dopaminergic brain areas (Bunzeck and Duzel, 2006; Duzel et al., 2009) . A separate line of investigation has shown a consistent association between the -521 C>T DRD4 polymorphism and differential sensitivity to novelty in humans, i.e., NS personality trait (Munafo et al., 2008b) . Bringing together these observations, our data demonstrate that both memory enhancement for contextually novel perceptually salient stimuli and associated activation in dopaminergic midbrain, ventral striatum and hippocampus, are critically dependent on this polymorphism.
